Introduction
Wild animals and birds are sometimes exposed to a wide range of lipophilic xenobiotics. Analyses of marine organisms, for example, have sometimes revealed significant levels of > 20 different aromatic hydrocarbons and > 30 different organochlorine compounds [I] . On agricultural land, exposure to several different pesticides may occur simultaneously or sequentially. It is usually assumed that the toxicity of a combination of chemicals is approximately additive -that is, that the toxicity of a combination of chemicals approximates to the summation of the toxicities of the individual chemicals. Whilst this is very often the case, there are important exceptions to this rule. For example, the toxicity of carbamate or pyrethroid insecticides to insects may be increased by < 200 fold if they are combined with inhibitors of cytochrome P-450, such as piperonyl butoxide, at levels where the inhibitor would show no toxicity of its own.
Identifying combinations of environmental chemicals that may interact in a way that causes potentiation of toxicity is not an easy task. The number of chemicals occurring in the environment is very large, and it would not be feasible to test more than a small number of combinations of them in a limited number of species. Thus, another approach is called for. One possibility is to identify, on mechanistic grounds, certain combinations of chemicals that may interact in a way that will lead to a potentiation of toxicity. These combinations can then be tested on appropriate species in the laboratory to discover whether potentiation does occur. If there is a substantial potentiation, it may then be necessary to carry out further studies, to see whether this happens under field conditions. Many known cases of potentiation arise because of interactions at the toxicokinetic level. There are two major possibilities, using a combination of two chemicals. (1) (OPs) are activated by them. This paper will review studies that have investigated the potentiation of toxicity of pesticides that is the consequence either of inhibition or of induction of cytochrome P-450 forms in birds. The situation is complicated by the fact that some pesticides (such as the fungicide prochloraz), can act both as inhibitors and as inducers [2] . In the case of MO activities to certain substrates, inhibition is followed by induction [2] . Thus, at different times after exposure to one chemical, there may be either reduced detoxication or increased activation of a second chemical.
Potentiation due to increased activation
The ergosterol biosynthesis inhibitor (ERI) fungicide prochloraz is a strong inducer of cytochrome P-450 in a number of avian species, including Japanese quail (Coturnix coturnix), grey partridge (Perdix perdix), pheasant (Phasianus colchicus) and chicken (Gullus gallus) [2, 31. Other ERI fungicides, such as imazalil and propiconazole, have also been shown to induce cytochrome P-450 in birds [3] . Induction was clearly apparent 24 h after treatment with EBIs, but had disappeared after 96 h.
In a study with red-legged partridges (Alectoris rufa cross), the induction of cytochrome P-450 with EBIs was related to the toxicity of organophosphorus insecticides that are activated by this haemoprotein [4] . After 24 h from dosing with 180 mg/kg of prochloraz, there was a 3-fold increase in the cytochrome P-450 content of microsomes, a 4-fold increase in aldrin epoxidase activity and a 20-fold increase in ethoxyresorufin-o-de-ethylase activity, the last two being expressed in terms of kg of body weight [4, 51. Birds that had been induced in this way became more susceptible to the toxic action of malathion and dimethoate than did controls. When administering malathion by intraperitoneal injection, low doses that caused no inhibition of serum butyrylcholinesterase in controls were lethal to three out of four birds; the inhibition of serum butyrylcholinesterase was 100% in the birds that died. Subsequent oral dosing of malathion to control and prochloraz-treated birds also revealed selectivity between these two groups. Over a 24 h Volume 21 P-450 Biotechnology period, birds that had been dosed with prochloraz showed considerably greater serum butyrylcholinesterase depression than did controls [4] . The same effect was found after dosing with 90 mg/kg, although the difference between the control and the prochloraz-treated birds was smaller (G. Johnston [4] . After dosing with dimethoate, prochloraz-treated birds also showed a greater inhibition of serum butyrylcholinesterase than did controls.
This interaction between prochloraz and malathion was studied in two further species of birds -the feral pigeon (Columba livia) and the starling (Sturnus vulgaris) [7] . In the feral pigeon, there was a similar potentiation of serum cholinesterase inhibition to that observed with the partridge. The starling, however, showed no potentiation -even after receiving a high dose of 300 mg/kg prochloraz [6] .
The mechanism of potentiation of toxicity was studied by comparing metabolism of ['4C]malathion by hepatic microsomes from control partridges with those from prochloraz-treated birds. Control microsomes achieved rapid detoxication of malathion by esteratic hydrolysis to malathion acids (mainly monoacids), whilst prochloraz-treated microsomes produced the active metabolite malaoxon as the major metabolite, with only small quantities of malathion monoacid being produced. It was concluded that the induction of cytochrome P-450 had led to a switch from esteratic detoxication to oxidative activation. It seemed probable that the rapid generation of malaoxon had led to an inhibition of esteratic detoxication, since carboxylesterases are sensitive to inhibition by this metabolite
The cytochrome P-450 forms in control and induced hepatic microsomes were studied using SDSIPAGE gel electrophoresis and Western blotting. At least four cytochrome P-450 forms appeared to have been induced. Two of these were recognized by an antibody raised to mammalian cytochrome P450 IA1. Two other forms were weakly recognized by antibodies raised to mammalian P-450s belonging to family I1 [53. The cytochrome P-450s of birds have yet to be properly characterized, so it is not clear how closely the avian enzymes resemble their mammalian counterparts caused a complex induction of cytochrome P-450 forms that belonged apparently to at least two different gene families. This induction led to the enhanced activation of malathion, but the role of individual forms in achieving this activation has yet to be established. I067
Potentiation due to inhibition of detoxication
In further studies with partridges, interactions were studied between malathion and the carbamate insecticide carbaryl [9] . Birds were dosed with malathion alone, carbaryl alone, or malathion followed by carbaryl. No symptoms of toxicity were shown by birds dosed with malathion alone or with carbaryl alone. However, a combination of malathion and carbaryl caused the death of four birds out of twelve, with six further birds showing symptoms of anticholinesterase poisoning. Brain acetylcholinesterase activities were measured in controls and in the three treated groups. Malathion alone caused no significant inhibition of brain cholinesterase. Carbaryl produced 56% inhibition, but the combination of malathion and carbaryl caused 88% inhibition. Thus, there was evidence that pre-dosing with malathion causes a substantial increase in brain cholinesterase inhibition by carbaryl. The brains of birds that had been dosed with malathion contained much higher levels of carbaryl than were present in the brains of birds that received carbaryl alone. It appeared therefore that dosing with malathion caused a radical change in the metabolism and/or distribution of carbaryl.
T o investigate this further, the metabolism of
[ ''C]carbaryl was studied in liver microsomes from control and from malathion-treated birds. In controls, there was substantial oxidative metabolism of carbaryl to two major metabolites, which was NADPH-dependent [S, 93. In malathion-treated birds, the rate of oxidative metabolism was much reduced ( < 10% of that in controls). Since oxidative metabolism plays a dominant role in the detoxication of carbaryl, the inhibition of cytochrome P-450 by malathion provided at least a partial explanation for higher carbaryl residues and greater acetylcholinesterase inhibition in the brains of malathiontreated birds, compared with controls.
The loss of activity of cytochrome P-450 has been associated with the oxidative desulphuration of OPs such as malathion and parathion. The OPs act as suicide substrates, with sulphur released during the oxidative process becoming bound to cytochrome P-450 [ 101.
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Conclusions
The investigations described here were conducted in the laboratory. It does not follow that interactions of this sort will occur under normal conditions of pesticide use in the field. The question of possible interactions in the field is being investigated currently.
The results of both of the studies described testify to the critical role of cytochrome P-450
forms in determining the toxicity of certain types of insecticides in birds. This should be seen as part of a wider issue -the possibility of interactive effects of lipophilic pollutants more generally, which may be mediated by cytochrome P-450. In the marine environment, for example, polychlorinated biphenyls, polychlorinated dibenzodioxins and polycyclic aromatic hydrocarbons (PAHs) are all found, and representatives of all these groups are strong inducers of cytochrome P-450s [l] . There is evidence that the induction of P-450 IAl has occurred under environmental conditions in fish and in sea birds, and this form of the enzyme is known to activate certain PAHs [ 1, 111.
The investigation of possible potentiation of toxicity in the field due to toxicokinetic interactions of pollutants can be investigated using biochemical biomarkers [12. 131. As in the present study, the induction of cytochrome P-450 forms may be measured and related to other biomarker responses that are associated with the mechanisms of toxicity, such as brain acetylcholinesterase inhibition in the case of OPs, and DNA damage in the case of PAHs. Potentiation is indicated where exposure to two or more chemicals leads to an enhancement of a molecular mechanism that underlies toxicity, that is, the response is greater than would be expected from the summation of the responses to the individual chemicals. Brain acetylcholinesterase inhibition and measurements of DNA damage provide examples of biochemical biomarkers of this type.
The class of enzymes that are known as cytochromes P-450 are membrane-bound proteins (in eukaryotes) containing a haem prosthetic group. Their name derives from the fact that the carbon monoxide complex of the reduced haem moiety shows an unusual absorption maximum centred around 450 nm. This spectral feature, as well as their unique catalytic abilities, derives predomiAbbreviations used: AOS, allene oxide synthase; GlOH, geraniol 10-hydroxylase.
nantly from a cysteine residue providing the fifth ligand to the haem iron. These cytochromes are widespread in nature and function in the oxygenation of a diverse array of substrates. Reactions attributed to cytochrome P-450 isoforms include hydroxylation, epoxidation, peroxygenation, deamination, deethylation, demethylation, desulphuration and dehalogenation [l] . The substrates of these enzymes are mainly lipophilic compounds. In the most familiar cases, the binding of substrate to the enzyme facilitates uptake of an electron, from
